We investigate clustering properties of quasars using a new version of our semi-analytic model of galaxy and quasar formation with state-of-the-art cosmological N -body simulations. In this study, we assume that a major merger of galaxies triggers cold gas accretion on to a supermassive black hole and quasar activity. Our model can reproduce the downsizing trend of the evolution of quasars. We find that the median mass of quasar host dark matter haloes increases with cosmic time by an order of magnitude from z = 4 (a few 10 11 M ⊙ ) to z = 1 (a few 10 12 M ⊙ ), and depends only weakly on the quasar luminosity. Deriving the quasar bias through the quasar-galaxy crosscorrelation function in the model, we find that the quasar bias does not depend on the quasar luminosity, similar to observed trends. This result reflects the fact that quasars with a fixed luminosity have various Eddington ratios and thus have various host halo masses that primarily determine the quasar bias. We also show that the quasar bias increases with redshift, which is in qualitative agreement with observations. Our bias value is lower than the observed values at high redshifts, implying that we need some mechanisms that make quasars inactive in low-mass haloes and/or that make them more active in high-mass haloes.
INTRODUCTION
Quasar clustering is one of the most important observational quantities to probe physical properties of quasars, providing information of the mass of dark matter (DM) haloes in which quasars reside. This would be a strong constraints on quasar formation models (e.g., Haiman & Hui 2001; Martini & Weinberg 2001) . The clustering properties are quantified with the quasar bias, which is defined as the square root of the ratio of the two-point correlation function of the quasars, ξQ(r), to that of the DM, ξDM(r): bQ(r) = ξQ(r)/ξDM(r). Comparing it with the bias of DM haloes by, for example, Sheth et al. (2001) , the typical DM halo mass of the quasars is derived. The clustering properties have been reported using some large-scale surveys such as ⋆ E-mail: oogi@koshigaya.bunkyo.ac.jp (TO) the Sloan Digital Sky Survey (SDSS; York et al. 2000) and the 2dF QSO Redshift Survey (2QZ; Boyle et al. 2000 ) (e.g., Porciani, Magliocchetti & Norberg 2004; Croom et al. 2005; Myers et al. 2007; Shen et al. 2007; Padmanabhan et al. 2009; Ross et al. 2009; Krolewski & Eisenstein 2015) . These studies suggest that, at low z (z < ∼ 2), the typical DM halo mass of luminous quasars is 2 − 3 × 10 12 h −1 M⊙, and does not depend on quasar luminosity. At higher redshift (z > ∼ 3), it is more massive than about 5 × 10 12 h −1 M⊙ (Shen et al. 2007 . For more recent studies, Ikeda et al. (2015) and Eftekharzadeh et al. (2015) have investigated the bias of low-luminosity quasars and intermediate redshift (2 < z < 3) quasars. Furthermore, at z ∼ 4-5, the overdensities of galaxies around quasars and radio galaxies have been discovered (e.g., Zheng et al. 2006; Overzier et al. 2008) .
There are many works on correlations of the supermassive black hole (SMBH) mass with the stellar velocc 2015 The Authors ity dispersion of their host bulges (e.g., Ferrarese & Merritt 2000; Gebhardt et al. 2000; McConnell & Ma 2013) , and with the bulge stellar mass (e.g., Magorrian et al. 1998 , see also McConnell & Ma 2013 . These correlations should imply that the growth of SMBHs and their hosts are intimately linked. To understand the correlations, many semi-analytic models of galaxy formation including black hole mass growth and quasar activity have been proposed (e.g., Kauffmann & Haehnelt 2000; Enoki, Nagashima & Gouda 2003; Cattaneo et al. 2005; Fontanot et al. 2006; Monaco, Fontanot & Taffoni 2007; Somerville et al. 2008) . Along this line, the quasar clustering should be investigated in the framework of the hierarchical formation of galaxies and quasars.
In previous theoretical studies on the the spatial clustering and environments of quasars in the context of hierarchical galaxy formation models (Bonoli et al. 2009; Degraf, Di Matteo & Springel 2011; Fanidakis et al. 2013) , the origin of the properties of the quasar clustering is not fully understood. One of the main reasons is due to the low space density of quasars, which leads to large errors in the calculation of the clustering amplitudes. For example, while the number density of galaxies brighter than the characteristic absolute magnitude is ∼ 10 5 Gpc −3 according to the rest-frame V -band luminosity function at 2.7 < z < 3.3 (Marchesini et al. 2012) , that of quasars brighter than the break luminosity is ∼ 100 Gpc −3 according to the quasar luminosity function at z = 3 (Ross et al. 2013) . Thus, the quasar number density is far smaller than the galaxy number density. To overcome this situation, we need cosmological Nbody simulations which have a high mass resolution and a large spatial volume for constructing DM halo merger trees.
In this Letter, we investigate the evolution of the largescale quasar clustering using an updated-version of our semianalytic model of galaxy and quasar formation, Numerical Galaxy Catalog (νGC) (Nagashima et al. 2005; Enoki et al. 2014 ; see also Makiya et al. 2015 , which is an updated version from the νGC). We note that we construct DM halo merger trees using an ultralarge cosmological N -body simulation based on the P lanck cosmology. This simulation has a substantially larger volume and a substantially higher mass resolution than the previous semi-analytic models, which allow us to investigate the quasar clustering with statistical significance. In addition, our model naturally reproduces the downsizing trend of the quasar space density evolution (Enoki et al. 2014) .
The remainder of this Letter is organized as follows. In Section 2, we outline our semi-analytic model and the methods of our analysis. Section 3 gives our predictions for the clustering of quasars in the range 0 < z < 5. In Section 4, we discuss the fueling mechanism of SMBHs comparing our results with observations, and summarize our results.
METHODS

Numerical Galaxy Catalog
To investigate the quasar clustering, we use our semi-analytic model of galaxy and quasar formation, νGC (Nagashima et al. 2005; Enoki et al. 2003 Enoki et al. , 2014 Shirakata et al. 2015) . We construct merger trees of DM haloes using an ultralarge cosmological N -body simulation, ν 2 GC-M . The simulation contains 4096 3 DM particles in a comoving box of 560 h −1 Mpc. The mass of each particle is 2.20 × 10 8 h −1 M⊙. The adopted cosmological parameters are based on a Λ cold dark matter cosmology, and are the ones obtained by the P lanck satellite (Planck Collaboration XVI 2014): Ω0 = 0.31, Ω b = 0.048, λ0 = 0.69, h = 0.68, ns = 0.96 and σ8 = 0.83. Further details of the simulation are given in Ishiyama et al. (2015) . νGC takes into account all the main processes involved in galaxy formation: (i) formation and evolution of DM haloes, (ii) radiative gas cooling and disc formation in DM haloes, (iii) star formation, supernova feedback and chemical enrichment, (iv) galaxy mergers.
Further details of our model of galaxy formation are given in Nagashima et al. (2005) .
Our model also includes formation and evolution of SMBHs and quasars. Here, we briefly review our model. Further details are given in Enoki et al. (2003 Enoki et al. ( , 2014 .
We assume that major mergers of galaxies trigger cold gas accretion on to SMBHs and quasar activity as well as starbursts (e.g., Kauffmann & Haehnelt 2000; Enoki et al. 2003; Di Matteo et al. 2005; Hopkins et al. 2008) . We define the major mergers as those mergers with mass ratios M2/M1 ≥ 0.2, where M1 and M2 are the baryonic masses of the more and less massive galaxies, respectively. During major mergers, we assume that SMBHs in progenitor galaxies merge instantaneously and that a fraction of the cold gas, which is proportional to the total mass of stars newly formed during the starburst, is accreted on to the merged SMBH. Under this assumption, the cold gas mass accreted on the SMBH is given by
where ∆M * ,burst is the total stellar mass formed during the starburst and fBH = 0.0067 is a parameter chosen to match the observed relation between masses of host bulges and SMBHs at z = 0 found by McConnell & Ma (2013) . The cold gas accretion on to an SMBH during a starburst leads to quasar activity. We assume that a fixed fraction of the rest mass energy of the accreted gas is radiated in the B-band and that the evolution of quasar B-band luminosity follows the light curve as a function of the elapsed time from the major merger as follows:
where ǫB is the radiative efficiency in the B-band, t life is the quasar lifetime, and c is the speed of light. We assume that t life scales with the dynamical time-scale of the host DM halo. We choose two parameters, ǫB and the present quasar lifetime t life (z = 0), to match the estimated luminosity function in our model with the observed B-band luminosity function of quasars at z = 2. We obtain ǫB = 0.0033 and t life (z = 0) = 1.5 × 10 7 yr 1 .
1 These values are slightly different from those of Enoki et al. (2014) , while the prescriptions are the identical with each other. This is due to the changes of the cosmology from the W M AP 7 to P lanck and of the criterion for major mergers of galaxies, the latter of which is found to be dominant. These changes do not affect the results in Enoki et al. (2014) qualitatively.
Our model can reproduce the downsizing trend of the quasar evolution (Enoki et al. 2014 ). This outcome allows us to prove the quasar clustering with our model.
Clustering analysis
Here, we describe the method to derive the quasar bias, bQ = ξQ/ξDM, with cross-correlation functions. Since the space density of quasars is too low for a statistically significant autocorrelation study, we adopt a cross-correlation analysis instead. According to Coil et al. (2007) , we calculate the quasar-galaxy cross-correlation function, ξQG, using our samples of quasars and galaxies as follows:
where QG(r) and QR(r) are quasar-galaxy and quasarrandom pairs at a given separation, r, respectively. These pair counts are normalized by nG and nR which are the mean number densities in the full galaxy and random catalogues, respectively. To measure the quasar bias, we also calculate the galaxy autocorrelation function ξG using our sample of galaxies with B-band magnitudes MB − 5 log h < −20.0, as follows:
where GG(r) and GR(r) are galaxy-galaxy and galaxyrandom pairs at r (Davis & Peebles 1983), respectively. These pair counts are also normalized by nG and nR, respectively. Then, we estimate the quasar bias, bQ, from ξQG(r) and ξG(r). Assuming a linear bias, we calculate the quasar bias as follows:
where ξDM(r) is the autocorrelation function for the DM, which is calculated with our cosmological N -body simulations. To compare our bias with observations, we have corrected the bias factors b observationally estimated under different cosmologies to those under the P lanck cosmology we adopt using the following equation:
where b ′ (z) is the bias factor after correction, σ8 and the growth factor D(z) are those for each observation, and σ ′ 8 and D ′ (z) are those for the P lanck cosmology.
RESULTS
Quasar host halo mass
The host halo mass of quasars is one of the most fundamental properties characterizing the environments of quasars. Because our model is based on the merger trees of DM haloes, we directly derive the mass distribution of the quasar host haloes. Fig. 1 shows the mass distributions of the quasar host haloes for three quasar-luminosity bins and their median halo masses (dashed lines). We define bright, intermediate, and faint quasars as those with B-band magnitudes MB − 5 log h < −24.5, −24.5 < MB − 5 log h < −23.0 and −23.0 < MB − 5 log h < −21.0, respectively. Note that we have confirmed that there is little difference between the median and the mean mass. Each mass distribution has a peak around its median. This indicates that the quasar host haloes have a characteristic halo mass which is represented by the median or mean halo mass. The characteristic mass increases with cosmic time by an order of magnitude (from a few 10 11 M⊙ at z = 4 to a few 10 12 M⊙ at z = 1). This result is consistent with other theoretical studies which are based on the hierarchical structure formation (Degraf et al. 2011; Fanidakis et al. 2013 ). In addition, the characteristic mass does not depend significantly on quasar luminosity. As the characteristic halo mass primarily determines the quasar bias, we analyse the quasar bias in the next section.
Quasar bias
We then present the properties of the quasar bias calculated using the method we described in Section 2.2, and compare them with observations. In the top panel of Fig. 2 , we show the redshift evolution of the quasar bias of bright, intermediate, and faint quasars. As shown in this figure, the quasar bias increases with redshift from b ∼ 1 at z = 1 to b ∼ 4 at z = 4. This increase with redshift agrees with that of the bias of observed Lyman break galaxies in similar redshift ranges (Ouchi et al. 2004) . We have also confirmed that the bias of our sample galaxies with the B-band magnitude MB − 5 log h < −20.0 agrees with the observation. On the other hand, it has only weak dependence on quasar luminosity. This weak luminosity-dependent clustering is in agreement with previous theoretical works (Lidz et al. 2006; Hopkins et al. 2007 Hopkins et al. , 2008 Croton 2009; Conroy & White 2013 ). In our model, this weak dependence reflects the weak luminosity dependence of the host halo mass as shown in Section 3.1. The halo mass estimated from the quasar bias using the formula of Sheth et al. (2001) is in agreement with the characteristic halo mass directly from our model in Section 3.1. This means that the quasar bias is determined primarily by the halo bias of the quasar host halo with the characteristic mass. Moreover, this result supports the observational procedure for estimating the mass of the DM haloes which host quasars with the quasar bias.
In Fig. 2 , we also plot some observational results for comparison. Almost all observational results used quasars obtained by the SDSS and the 2QZ. For the SDSS DR 5 sample (Ross et al. 2009; ), the mean magnitude is MB − 5 log h ≈ −25.5 at z ∼ 2. Here, we convert the K-corrected absolute i-band magnitude Mi(z = 2) to MB using the conversions given in Croom et al. (2005) and Richards et al. (2006) . For the 2QZ sample (Porciani et al. Figure 3 . Relation between the DM halo mass and quasar Bband magnitude in our quasar sample at z = 2.5. Red, black, green and purple dots denote the quasars with B-band Eddington ratios, f Edd,B ≡ (L B /L Edd ), −1 < log f Edd,B , −2 < log f Edd,B < −1, −3 < log f Edd,B < −2 and log f Edd,B < −3, respectively. The solid, long-dashed and short-dashed lines show the medians of the M halo −M B correlation for quasars with −1 < log f Edd,B , −2 < log f Edd,B < −1, and −3 < log f Edd,B < −2, respectively. (A colour version of this figure is available in the online journal.)
2004; Croom et al. 2005) , the mean magnitude is MB − 5 log h ≈ −24.5 at z ∼ 2 using the conversion from the bJ band magnitude to MB. These magnitudes are comparable to those of our sample. While the 2QZ sample has lower mean magnitude than the SDSS sample, the bias measurements of these two samples are similar. This indicates that the quasar bias does not depend significantly on quasar luminosity.
The quasar bias by our model is in agreement with the observations at low z (z < ∼ 1.5). In addition, the weak luminosity-dependent clustering is also in agreement with the observations. At high z, however, our results cannot reproduce the observed clustering of quasars, in particular z > 3. This would be caused by the disagreement in the typical DM halo mass, for example, ∼ 3 × 10 12 h −1 M⊙ at 2 < ∼ z < ∼ 2.5, and ∼ 10 13 h −1 M⊙ at 3 < ∼ z in the observations. We discuss this disagreement of our model in Section 4. We note that, in the P lanck cosmology, the DM halo mass estimated from the observed quasar bias tends to be more massive than that originally estimated in each observational study.
DM halo mass, quasar magnitude and Eddington ratio
Our results show that the mass of DM haloes hosting quasars and the quasar bias do not depend significantly on quasar luminosity. To clarify this origin, we examine the relation among the DM halo mass, quasar magnitude, and B-band Eddington ratio, f Edd,B ≡ (LB/L Edd ). In Fig. 3 , we plot the DM halo mass and MB relation for our quasar sample at z = 2.5. We divide the sample into four f Edd,B bins, and plot the subsamples with different colours. As with in Fig. 1 , there is no definite correlation between the DM halo mass and MB. On the other hand, we find the power law rela-tionship between the quasar B-band luminosity and the DM halo mass at fixed f Edd,B . The quasars in the largest f Edd,B bin are close to their peak luminosity, while those in the smaller f Edd,B bins are in the decaying phase where quasars decrease their luminosities to zero. Thus, the quasars evolve downward with time in Fig. 3 . Consequently, quasars having various magnitudes reside in DM haloes with similar masses. For this reason, the DM halo mass does not correlate with quasar magnitude. This conclusion is consistent with the model of Lidz et al. (2006) . Although one may think that quasars at z > 3 taken from flux-limited samples of Shen et al. (2007 ) reside in more massive DM haloes because of their very high luminosities, our model shows that the quasar host halo mass does not depend significantly on quasar luminosity even at high-z and at the luminous end. Therefore, it is not likely that the strong quasar bias at z > 3 can be explained simply by their high luminosities.
We note that in our model, quasars have various Eddington ratios and luminosities due to a variety of elapsed times from the beginning of the quasar activity. However, the details of the accretion flow also cause the difference of the quasar luminosity (e.g., Pacucci, Volonteri & Ferrara 2015) . We should take into account this possibility in future studies.
SUMMARY AND DISCUSSION
In this Letter, we have investigated the large-scale clustering of quasars, including its redshift and luminosity dependence using our semi-analytic model, νGC. We have shown that the quasar bias has no significant dependence on quasar luminosity and increases with redshift. We have also found that the quasar bias is primarily determined by the halo bias of the quasar host halo.
We have found that the model bias underpredicts the observed ones at z > ∼ 2. The underprediction is found to become smaller if we remove the model quasars within host haloes less than 10 12 h −1 M⊙ as shown in the bottom panel of Fig. 2 . This suggests that there are some mechanisms that inhibit quasar formation within low-mass haloes and/or that enhance the quasar activity within high-mass haloes.
Comparing the previous semi-analytic models (Bonoli et al. 2009; Fanidakis et al. 2013) , the DM halo merger trees we use are based on a cosmological N -body simulation which has a larger volume and a higher mass resolution. Furthermore, we can derive the quasar bias more accurately using the quasar-galaxy cross-correlation function, since investigating the quasar clustering by measuring the cross-correlation function can provide more accurate measurements of clustering amplitude of quasars, as the space density of galaxies is much higher. In contrast, Bonoli et al. (2009) investigated the quasar clustering using the quasar bias derived from the quasar-quasar autocorrelation function. However, their predicted quasar bias has large errors because the errors on the clustering amplitudes estimated from the quasar autocorrelation function are large due to their low space density. Fanidakis et al. (2013) also investigated the evolution of the mass of quasar host haloes and the quasar bias, although they did not directly use the correlation function to derive the quasar bias. Their redshift evolution of DM halo mass is consistent with our model.
Our results presented here suggest that the triggering mechanism of quasars at high z may be different from that at low z. Previous theoretical studies have also pointed out the strong clustering of quasars at high z as a challenging problem. Using a simple model which is constrained by the clustering and abundance of quasars, White, Martini & Cohn (2008) claimed that the strong clustering measured at z ∼ 4 is difficult to understand unless quasar duty cycles are high and intrinsic scatter in the relation between the quasar luminosity and the halo mass is small (see also Shankar et al. 2010) . Further observations of high-redshift and low-luminosity quasars with Hyper Suprime-Cam (Miyazaki et al. 2006 (Miyazaki et al. , 2012 will allow us to make accurate comparison to the model we introduced here and to estimate the role of major mergers as a triggering process of quasars.
